Prolonged neurotransmitter release following synaptic stimulation extends the 40 time window for postsynaptic neurons to respond to presynaptic activity. This can 41 enhance excitability and increase synchrony of outputs, but the prevalence of this at 42 normally highly synchronous synapses is unclear. We show that the postsynaptic 43 channel, pannexin-1 (Panx1) regulates prolonged glutamate release onto CA1 neurons. Fast synaptic transmission, in contrast to stimulation-independent ongoing 63 spontaneous transmission, is characterized by the highly synchronous release of 64 neurotransmitter in response to presynaptic activation 1 . Asynchronous 65 neurotransmitter release while less well understood, is typically stimulation-dependent 66 and lasts hundreds of milliseconds. At excitatory synapses, asynchronous glutamate 67 release can elevate firing rates in response to presynaptic stimulation 2,3 , enhancing 68 coincidence detection 4 , and possibly promote spread of neurotransmitter 1 . Aberrant 69 asynchronous release may influence neurodegeneration 5 or promote epileptogenesis 6,7 . 70
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to 11.9±1.2 pg/mg when Panx1 was blocked with 10 panx (p=0.002 vs control; one-way 207 ANOVA, n=13 slices from 6 rats). It was reported previously that TRPV1 may regulate 208 AEA transport 37 . However, CPZ (10 μM) did not change tissue AEA levels (with CPZ, AEA 209 = 7.4±0.7 pg/mg; n=8 slices from 4 rats; p>0.05, one-way ANOVA). These data support 210 the idea that Panx1 block increases total AEA concentration in hippocampal slices. 211 Fig 3b) . 219
Ectopic expression of
This uptake was blocked by 10 panx, but not sc 10 panx (Fig 3c) . Importantly, a 10-fold 220 excess of unmodified AEA (50 µM) prevented CAY10455 influx into Panx1 expressing 221 HEK293T cells (Fig 3c) . While 50 µM is a high concentration of AEA it was required to 222 quantify block of CAY10455 fluorescence because lower concentrations of CAY10455 223 were dim. Thus, our data presented in 
AEA blocks dye flux through Panx1 226
How could Panx1 facilitate AEA uptake? One possibility is that these non-selective 227 ion / metabolite channels are permeable to AEA and therefore are functioning as a 228 synaptic AEA transporter. AEA is an uncharged molecule, making it impossible to 229 measure flux (as current) with electrophysiology. However, Panx1 channels flux 230 molecules < 1kD, so we reasoned if the 0.35 kD AEA is permeable it should compete with 231 dye flux through the channel and this would be a sensitive assay for AEA influx. We 232 modified the cell-attached patch clamp to include the Panx1 permeable dye, 233 sulforhodamine 101 (SR101; 0.6kD) and the Panx1 impermeable dye, FITC-dextran (3-234 5kD) in the pipette 24 . Voltage-dependent activation of Panx1 38 in cultured hippocampal 235 neurons induced single channel currents and SR101 uptake (Figs 4acd). FITC-dextran 236 uptake occurred only in the whole-cell configuration (Fig 4b) , indicating its occlusion is a 237 control for membrane integrity in the cell-attached mode. The Panx1 blocker, 10 panx 238 (100μM) in the pipette prevented SR101 influx and ionic currents (Fig. 4cd) . Similarly, 239 50μM AEA in the pipette reduced SR101 influx (Fig 4cd) . 240
Constitutively active Panx1 facilitates AEA flux 241
Panx1 may act to facilitate AEA flux by being constitutively active or through 242 recruitment during synaptic activity or both. If there is basal Panx1 activity, we predicted 243 that AEA loaded into CA1 neurons in slices via the patch-pipette could efflux the cell and 244 activate presynaptic TRPV1 without stimulation. This would therefore show that AEA can 245 have bidirectional flux and is consistent with models of AEA transport 39 . CA1 pyramidal 246 neurons were loaded with 50 μM AEA via the patch pipette and spontaneous excitatory 247 synaptic currents (sEPSC) were recorded. Postsynaptic AEA increased sEPSC frequency 248 without the requirement for afferent stimulation (Figs. 5abef) . The increase in sEPSC 249 frequency occurred 3.6±1.1 min after whole-cell formation in 8 of 10 cells tested, with a 250 range of 19 s -9 min. As shown in Fig. 5 , the stimulation independent increase in sEPSC 251 frequency with postsynaptic loading of AEA was blocked by either αPanx1 in the pipette 252 (Fig. 5c) or CPZ in the bath (Fig 5d) . When Panx1 was blocked with αPanx1 in the 253 presence of postsynaptic AEA, afferent stimulation induced prolonged synaptic events 254 (Fig. 5f ) similar to those in Fig. 1 , indicating that afferent stimulation induced AEA was not 255 likely normally coming from postsynaptic CA1 neurons via Panx1 despite the ability of 256
Panx1 to efflux AEA when neurons were loaded with AEA. 257
Asynchronous release does not involve postsynaptic Ca 2+ 
258
The requirement for afferent stimulation during application of postsynaptic 259 αPanx1 suggests that AEA production may occur in a Ca 2+ -dependent way 40 , as is the case 260 for most known retrograde signals 41 . These typically regulate synchronous 261 neurotransmitter release by altering the coupling of voltage-gated Ca 2+ channels to 262 release machinery 41 . This is unlikely in the present study because with postsynaptic 263 αPanx1 the paired-pulse ratio (PPR) was unchanged (Fig. S3 ). We argue, based on Fig 5,  264 against a postsynaptic source of AEA because prolonged release occurred when AEA was 265 loaded into the postsynaptic neuron and Panx1 was blocked. However, if AEA is being 266 produced in the CA1 neuron, it would likely require increased postsynaptic Ca 2+ for 267 production 40 . When 10 mM BAPTA and αPanx1 were added to the pipette to chelate 268 postsynaptic Ca 2+ , prolonged glutamate release upon Schaffer collateral stimulation was 269 still evident (Fig. 6ac) . In contrast, incubation of hippocampal slices in membrane 270 permeable EGTA-AM to chelate Ca 2+ in all cells (50μM; minimum 15 min loading time) 271 blocked stimulation-induced prolonged release (Fig 6ac) . We chose EGTA-AM over 272 BAPTA-AM for bulk loading because EGTA does not block synchronous release, but is 273 sufficient to inhibit the slower increases in Ca 2+ required for asynchronous release 42 . 274 AEA can activate cannabinoid receptors (i.e. CB1). Therefore, we used the CB1 receptor 275 inverse agonist, AM251 (3 μM) and ruled out roles for these pathways in Panx1 276 modulated prolonged release (Fig. 6bd) . As a positive control for AM251, we isolated 277 inhibitory postsynaptic GABA currents (IPSC) by removing picrotoxin and addition DNQX 278 to block AMPA receptors while adding αPanx1 to the CA1 neuron via the patch pipette. As 279 shown in Fig S4, there was a progressive inhibition of IPSCs that was reversed by AM251, 280 indicating that blocking Panx1 can activate CB1 receptors at GABA synapses onto CA1 281 neurons and suppress inhibition. 282
Panx1 knockout augments electrical kindling in a TRPV1 dependent manner 283
The prolonged glutamate release and suppression of GABA synapses described 284 above should contribute to enhanced excitability in vivo. We investigated a potential role 285 for Panx1 and TRPV1 in epileptogenesis using the electrical kindling model (Fig 7a) . 286
Electrical kindling stimulation of the dorsal hippocampus via chronically implanted 287 bipolar electrodes induced seizures, which we quantified with electrographic recordings 288 (i.e. Fig 7b) and by assignment of seizure severity on the Racine scale 43 for each session. kindled more quickly than both control groups (Fig. 7d) . 294
If this enhanced epileptogenesis in Panx1 -/-was due to increased TRPV1 295 activation, as the in vitro data indicate, then intraperitoneal (i.p.) injection of CPZ prior to 296 each kindling session should return the kindling rate to the control level. 30 minutes 297 prior to each kindling session, Panx1 -/-mice received an i.p. injection of 5mg/kg CPZ. In 298 the presence of CPZ, the kindling rate was not different from the control ( Fig. 7cd; suggesting that Panx1 could facilitate release from the postsynaptic neuron. However, 364 when this asynchronous release was prevented by blocking Panx1 it was evoked by 365 Schaffer collateral stimulation. Together, this suggests that AEA biosynthesis is occurring 366 in a different synaptic compartment than the CA1 neuron. 367
At excitatory CA3-CA1 synapses, the primary enzyme involved in AEA 368 biosynthesis, NAPE-PLD, is reportedly expressed in presynaptic Schaffer collateral 369 terminals 52 . The AEA degrading enzyme, FAAH, in contrast is expressed in postsynaptic 370 CA1 neurons 53 . This molecular architecture is amenable to a stimulation and Ca 2+ -371 dependent mobilization of AEA from presynaptic terminals. It further implies that AEA 372 should be transported into postsynaptic CA1 neurons for metabolism 54 . Schafferpresynaptic Panx1 because bath applied blockers that act at extracellular sites on the 375 channel mimicked the effect of intracellular application of postsynaptic blockers (i.e. 376 increased asynchronous release). While the available data are most consistent with a 377 presynaptic release of AEA, we cannot rule out other sources. There is emerging evidence 378 that AEA can be synthesized and released from glial cells 55, 56 . So an alternative 379 mechanism could be that Schaffer collateral stimulation drives mobilization of AEA from 380 local glial cells, and Panx1 then facilitates clearance. 381
It is unconventional for AEA to signal in this proposed way -to be released 382 presynaptically and cleared postsynaptically while its site of action is on the cell that is 383 releasing it. We propose that Panx1, TRPV1 and AEA regulate glutamate release when a 384 modulation of neuronal synchrony is required. consisting of the following (in mM): 87NaCl, 2.5 KCl, 25 NaHCO3, 0.5 CaCl2, 7 MgCl2, 1.25NaH2PO4, 25 glucose, and 75 sucrose, saturated with 95% O2 /5% CO2. Transverse 754 hippocampal slices were cut (370µm for rats and 300µm for mice) and placed into a 755 chamber containing artificial cerebral spinal fluid at 33°C for at least 1 h before use. aCSF 756 consisted of 120 mM NaCl, 26 mM NaHCO3 ,3mM KCl, 1.25 mM NaH2PO4, 1.3 mM MgCl2, 757 2mM CaCl2, and 10 mM glucose and was saturated with 95% O2 /5% CO2. 758
Primary hippocampal culture preparation: Post natal day zero (P0) pups were used for 759 primary hippocampal cultures as described previously 17, 18 . Pups were anaesthetized on 760 ice and decapitated. Hippocampi were carefully dissected and suspended in a growth 761 media consisting of 1mM BME supplemented with sodium pyruvate, 50mg/mL penicillin, 762 50units/mL streptomycin, B17 supplement (all from Invitrogen), 10mM HEPES (Sigma), 763 0.3% glucose (Sigma), and 4% fetal bovine serum. Paired pulse stimulations were 1 ms stims given 50 ms apart every 20 s. Minimal stimulation was 1 ms stims every 20 s with a 50% failure rate. Single stims were 1 ms every 20s at 50% of the maximum eEPSC amplitude. b) comparison of the increase in glutamate neurotransmission when αPanx1 was delivered to the postsynaptic neuron (red) or when it was applied via a patch pipette under positive pressure that was held above the slice. this experiment was to ensure the posiitve pressure did not result in antibody delivery to adjacent neurons to induce prolonged release. The simplest explanation of our data is that NAPE-PLD is presynaptic, but we cannot completely rule out other glial sources. When Panx1 is blocked, AEA accumulates to activate presynaptic TRPV1 to cause prolonged glutamate release and enhance excitability.
